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PREFACE 


The research reported herein was performed or managed by the Mechanical Systems Technology 
Branch of NASA Lewis Research Center. The Branch conducts a joint program in collaboration with 
the U.S. Army Research Laboratory, Vehicle Propulsion Directorate, which is also located at NASA 
Lewis. This report summarizes some of our most significant accomplishments from 1985-1992. 

Our goal has been to advance aircraft gearing and transmission technology for civil and military 
aircraft applications by providing technology for lightweight, low noise, highly reliable designs. Most 
of the work activity to date has been for helicopter gear and transmission technology. 

Recently, the Army group at Lewis has broadened its scope to include ground and air vehicle 
propulsion systems including dual use technologies for high payoff in civil as well as military 
applications. At the same time, a NASA/Industry study team has identified new requirements for a 
proposed civil tiltrotor passenger transport aircraft. Hence, it is expected that future work will shift 
toward advanced tiltrotor air vehicle technology and also include elements of heavy ground vehicle 
gear technology. 

Please review the accomplishments presented in the following pages. If you have comments, 
questions, or wish to receive any of the referenced reports, you may contact me by phone at (216) 
433-3915 or write to me at Mail Stop 77-10, NASA Lewis Research Center, Cleveland, Ohio 44135. 

Team work and collaboration amongst the Government, universities, helicopter companies, and 
other companies such as gear and bearing manufacturers was a strong factor in the successes achieved. 
Within the branch, work focus teams were formed for each of the following areas: Transmission 
Analytical Research and Software, Gearbox Noise Reduction, Health and Usage Monitoring, 
Transmission Systems, and Drive System Components. 

I sincerely congratulate everyone whose efforts went into the accomplishments of 1985-1992, 
including: (1) branch members and visiting scholars (whose biographies appear in this report), 

(2) Messrs. Dean Reemsynder, William Hady, James Mihaloew, Ronald Huff (who are now retired), 
and (3) our partners in academia and industry (whose names appear as authors of the reports in the 
bibliography). To all of the aforementioned, I say "thank you for your contributions." 


John J. Coy, Ph.D. 

Chief, Mechanical Systems Technology Branch 
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DESIGN AND EVALUATION OF HIGH CONTACT RATIO GEARING 


Objective 

The objective was to improve the surface fatigue life, scoring load capacity, and power- to- weight 
ratio of helicopter transmission gears by using a high contact ratio gear design. 


Background 

A high contact ratio design is one concept for improving the performance of spur gears that has 
not been fully explored. Standard low contact ratio spur gearing is designed to operate at contact ratios 
between 1.4 and 1.6, where contact ratio is defined as the average number of tooth pairs in contact as 
the gears rotate. Thus, a typical contact ratio of 1.5 means that two tooth pairs are in contact half the 
time and only one tooth pair is in contact the other half. High contact ratio gearing (HCRG) is defined 
as having at least two tooth pairs in contact at all times, i.e., contact ratios of 2.0 or more. Because the 
transmitted load is shared by at least two pairs of teeth, the individual tooth loading is less for HCRG 
than for low contact ratio designs, thereby enabling a higher power-to-weight ratio. HCRG, however 
requires gear teeth with lower pressure angles, finer pitches, or increased working depths; all of which 
tend to increase the tooth bending stress. In addition, it is expected that HCRG is more sensitive to 
tooth spacing errors and profile modifications because of the simultaneous tooth contacts. The basic 
problem to be resolved was whether the lower tooth loads occurring in the high contact ratio design 
configuration more than offset the effects of the weakened tooth form, especially when run under 
dynamic load conditions. 


Approach 

A contract was established to design and experimentally test high contact ratio gears in compar- 
ison with low contact ratio gears. Designs were analyzed using computer program GRDYN (Gear 
Dynamic Analysis) to simulate gear dynamic behavior. 


Results 

A design analysis of standard and high contact ratio gears was performed using computer program 
GRDYN. Results of the gear dynamic simulation study enabled the selection of an optimum tooth 
profile for minimum dynamic load. The optimum was achieved with a quadratic tooth profile 
modification, beginning at 90 percent of the tooth addendum and ending with the maximum 
modification at the tip of the tooth. 

Fourteen standard and fourteen high contact ratio gears were fabricated and tested in a four-square 
(power recirculating) test rig to determine the relative fatigue lives. The failure distributions of the 
gears was established for a specific load of 6667 Ib/in. of tooth face-width. The HCRG had two times 
the fatigue life of standard gears at the 10 percent failure point. 

The load capacity for resistance to scuffing/scoring was also determined. The HCR gears carried 
5600 lb/in. with a 50 percent scuffing/scoring occurrence, which is slightly better than the 4500 lb/in. 
carried by standard gears. 
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During the study it was found that computer program GRDYN was essential to establishing a 
viable design of the high contact ratio gear. The reason was that high contact ratio gears are very 
sensitive to the effects of tooth profile modifications on the load sharing and resultant dynamic loads. 
Further details are reported in NASA CR-1 74958, "Design and Evaluation of High Contact Ratio 
Gearing" by Frint. 


Significance 

Gear life can be significantly extended by using high contact ratio gears instead of standard gears. 
High contact ratios gears have slightly better load capacity compared to standard gears, when the mode 
of failure is scoring (scuffing). Therefore, high contact ratio gears can significantly increase life, 
reliability, and power-to-weight ratio for helicopter transmissions. 


HIGH CONTACT RATIO GEARING -DESIGN AND EVALUATION 



HIGH CONTACT RATIO GEAR 


MILESTONES ACHIEVED: 

• COMPLETED DESIGN AND ANALYSIS 

• COMPLETED FATIGUE AND LOAD 
CAPACITY EXPERIMENTS 

• DEFINED OPTIMUM TOOTH SHAPE 
USING COMPUTER SIMULATION 

• NASA CR 174958 PUBLISHED 


STANDARD GEAR 


SIGNIFICANCE: 

• HIGH CONTACT RATIO GEARS HAVE 
TWICE THE LIFE OF STANDARD GEARS 

• HIGHER LOAD CAPACITY 

• INCREASED LIFE, RELIABILITY, AND 
POWER-TO-WEIGHT RATIO FOR 
HELICOPTER DRIVE SYSTEMS 


Figure 1 .—Design and evaluation of high contact ratio gearing. 
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IMPROVED OIL-OFF SURVIVABILITY OF TAPERED ROLLER BEARINGS 


Objective 

The objective was to develop a bearing design capable of operating for 30 min after loss of oil. 


Background 


Design studies of helicopter transmissions have shown that the use of tapered roller bearings on 
the input shaft can result in a lighter, more reliable transmission. However, the contact of the ends of 
the tapered rollers with the guide flange is very sensitive to proper lubrication. Therefore, die loss of 
oil at the conjunction can quickly lead to complete bearing failure. What was needed then was a 
method of providing adequate lubrication at the roller-flange interface so that the bearing could operate 
for at least 30 min after loss of the main oil supply. 


Approach 

An oil-impregnated powder metal ring was used for a rib (flange) with either a cup or cone ^ 
design. Three materials identified in screening tests were used: M2 tool steel at 65 percent density and 
CBS 1000M steel at 65 and 75 percent density. 

Results 

• Oil-off testing is complete. 

• Standard design bearing ran only 10 min at 4000 rpm. 

• Survivable design, ribbed cup bearings ran for 30 min at 1 1 000 rpm. 

• The bearings operated for less than 5 min at 17 000 rpm. 

• Technical report published (CR- 180804, AVSCOM TR-87-C-29), "Improved Oil-Off 

Survivability of Tapered Roller Bearings" by Kreider and Lee. 

Significance 

Improved design extends oil-off operation of tapered roller bearings to over 30 min at 1 1 000 rpm 
(0.7 million DN) at typical helicopter transmission loads, thus permitting consideration of tapered 
roller bearings for helicopter transmission applications. 
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IMPROVED OIL-OFF SURVIVABILITY OF TAPERED ROLLER BEARINGS 


MILESTONE ACHIEVED: 

LABORATORY TESTS DEMONSTRATED 
OIL-OFF SURVIVABILITY OF TAPERED 
ROLLER BEARINGS TO OVER 30 
MINUTES AT 11 000 RPM. 

• STANDARD DESIGN RAN ONLY 
10 MINUTES AT 4000 RPM. 

• POWDERED METAL M-2 AND CBS 1000M 
STEEL AT 65 AND 75% DENSITY USED 
FOR RIB RINGS. 

• NASA CR-180804 
AVSCOM TR-87-C-29 


SIGNIFICANCE: 

TAPERED ROLLER BEARINGS CAN NOW BE CONSIDERED FOR USE IN ADVANCED DESIGN 
HELICOPTER TRANSMISSIONS TO REDUCE WEIGHT AND INCREASE LIFE. 

Figure 2.— Improved oil-off survivability of tapered roller bearings. 
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IMPROVED SPUR GEARS FOR AIRCRAFT APPLICATIONS 


Objective 

The objective was to reduce noise and vibration in spur gear drives by designing the gear teeth to 
be tolerant of misalignments of the shaft axes. 


Background 

Spur gears are widely used in aircraft to transmit mechanical power between drive shafts with 
parallel axes. Light weight is essential in aircraft applications, but lightweight gear boxes are prone to 
deflect when loaded, which is a disadvantage. So in the design of an aircraft gearbox there is a 
tradeoff between weight and structural rigidity. If emphasis is put on light weight, then under flight 
conditions the gear shafts can deflect and become misaligned. When the shafts are misaligned, the load 
between the mating gears is no longer carried in the ideal way, that is, uniformly distributed across the 
face of the gear teeth. Instead, the load can become concentrated to one edge of the teeth. If this 
happens, the gears become noisy and soon wear out. 

Current practice is to eliminate edge loading by putting a slight crown on the teeth during the 
grinding process. The crowning will prevent the load from moving to the edge of the tooth, but the 
gears are still noisy when misaligned. This is because the conventionally crowned gears do not 
transmit motion smoothly. 


A new crowning technique was needed that would not only continue to avoid edge loading but 
also reduce the vibration and noise when the gears have to operate with misaligned shaft axes. 


Approach 

A grant was established at the University of Illinois at Chicago (Dr. Faydor L. Litvin, principal 
investigator). The mathematical principles of gear meshing were applied to find the type of gear tooth 
crowning that is least sensitive to misalignments. 


Results 

A new concept for crowning spur gear teeth has been discovered. The concept is supported by the 
rigorous application of the mathematics of tooth meshing theory. The analysis has been coded into a 
computer program for tooth contact analysis, which calculates the tooth load distribution and the 
motion errors which cause vibration and noise. The computer program enables one to select the best 
crowning geometry that will compensate for a range of misalignment. 

The crowning can be produced by either of two methods of grinding: (1) using a five-axis numer- 
ically controlled machine with a flat grinding wheel or (2) using a conventional gear grinding machine 
with a grinding wheel that is basically cone-shaped but with a slight curvature to the cone element. 
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The complete results of the investigation are reported in NASA CR-4135 (AVSCOM 
TR 88-C-0G2), "Spur Gears: Optimal Geometry, Methods for Generation and Tooth Contact Analysis 
(TCA) Program" by Litvin and Zhang. 


Significance 

The new crowning technique benefits aircraft applications where light weight is important. The 
crowning compensates for misaligned conditions of the shaft axes and is minimally sensitive to 
variation in misalignment. Smoother motion is transmitted between shafts. The benefit is less noise 
and vibration while maintaining light weight and long life. 


IMPROVED SPUR GEARS FOR AIRCRAFT APPLICATIONS 


MILESTONES : 

• NEW CROWNING THEORY DISCOVERED 

• ANALYTICAL MODEL DEVELOPED 

• COMPUTER CODES COMPLETED 

• NEW MANUFACTURING METHOD DESCRIBED 

• NASA CR-4135 


CROWNED SPUR GEAR 



MODIFIED 

PROFILE 




GRINDING/ 

WHEEL 

GEAR 

TOOTH 


MANUFACTURING METHOD 


SIGNIFICANCE : 

• SMOOTHER TRANSMITTED MOTION 

• LESS NOISE AND VIBRATION 

• MINIMUM SENSITIVITY TO 
MISALIGNMENTS 


Figure 3.— Improved spur gears for aircraft applications. 


7 


FLEXIBILITY EFFECT ON TOOTH CONTACT LOCATION 


IN SPIRAL BEVEL GEAR TRANSMISSION 


Objective 

The objective was to include the effect of gear shaft and bearing deflections in the tooth contact 
analysis of spiral bevel gears. 


Background 

Spiral bevel gears are used in helicopter transmissions to transfer power between nonparallel, 
intersecting shafts. In helicopter applications, designers strive for high power-to-weight ratios for 
mechanical components. Components have become lighter and are subjected to higher loads. Thus, the 
helicopter transmissions are becoming more flexible with higher deflections. 

In practice gears are manufactured and inspected, and the actual tooth contact patterns are 
compared to the predicted ones. The actual pattern might be quite different than predicted since 
predicted patterns do not include component deflection effects. Contact may go to the edge of the 
tooth, causing high stress and short life. A trial-and-error process to correct the tooth contact is a long, 
expensive process. A need was perceived to investigate the effect of gear shaft and bearing deflections 
on spiral bevel tooth contact. 


Approach 

A university research grant was established to develop a simplified spiral bevel gear tooth contact 
analysis computer program to include component deflection effects. 


Results 


A tooth contact analysis computer program was developed for spiral bevel gears. The program 
models a single bevel gear mesh along with the support bearings. Gear and bearing geometry, 
mountings, and operating conditions are inputted to the program. Program output includes a gear 
loading analysis, gear shaft and bearing deflections, tooth contact results, and the effect of gear shaft 
and bearing deflections on the tooth contact. A description of the analysis and the computer program 
listing is available in NASA CR^K)55, "Flexibility Effects on Tooth Contact Location in Spiral Bevel 
Gear Transmissions" by Altidus and Savage. 


Significance 

The computer program developed in this work can predict the shift of the contact position for 
spiral bevel gear teeth due to gear shaft and bearing flexibility effects. Adverse effects on gear 
performance and life due to detrimental shifts of tooth contact positions can be avoided. Also, 
improved analytical methods reduce the amount of expensive testing that is required for a safe gear 
design. 
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FLEXIBILITY EFFECTS ON TOOTH CONTACT LOCATION 
IN SPIRAL BEVEL GEAR TRANSMISSIONS 

MILESTONES ACHIEVED: 

SPIRAL BEVEL GEAR TOOTH CONTACT 
ANALYSIS COMPUTER PROGRAM DEVELOPED 

• SHAFT & BEARING FLEXIBILITY 
EFFECTS INCLUDED 

• TOOTH CONTACT SHIFT DUE TO 
FLEXIBILITY EFFECTS PREDICTED 

• NASA CR PUBLISHED 


SPIRAL BEVEL GEAR MESH 


SIGNIFICANCE: 

• DETRIMENTAL GEAR TOOTH CONTACT 
LOCATIONS CAN BE AVOIDED 

• GEAR PERFORMANCE & LIFE CAN BE 
INCREASED 

• AMOUNT OF EXPERIMENTAL TESTING 
CAN BE REDUCED 

Figure 4. — Flexibility effects on tooth contact location. 



GEAR TOOTH 
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FINITE ELEMENT ANALYSIS OF SPIRAL BEVEL GEARS 


Objective 

The first objective was to develop a computer code for calculating the true surface coordinates of 
bevel gear teeth based on the manufacturing conditions. The second objective was to demonstrate the 
new code’s use in conjunction with modem finite element analysis tools. 


Background 

Spiral bevel gears are used in helicopters to transfer power from the horizontal axis engines to the 
vertical axis main rotor shaft. Fast, accurate finite element analysis methods are needed to improve the 
power transfer and minimize the weight for helicopter drive systems. 

In the 1970’s the finite element method was firmly established as a standard structural analysis 
tool. In the 1980’s the process was greatly improved through the use of pre- and post-processor 
programs where finite element meshes and boundary conditions are displayed prior to the analysis and 
the stress/displacement results are displayed after the analysis. Now, the result of thousands of finite 
element calculations for a complex structure can be displayed in just a few color plots. 

This technique has been successfully applied to parallel axis gears. However, because spiral bevel 
gear geometry is so complicated, until now only approximations of the tooth surface could be used in 
the analysis. 


Approach 

The well-known involute function provides a closed-form equation that can be used to solve for 
the tooth surface coordinates of spur gears. However there is no closed form equation for the tooth 
surface coordinates of spiral bevel gears. Ther efore, the manufacturing process has to be numerically 
simulated with a set of simultaneous nonlinear algebraic equations. This is enabled by the gear 
geometry theory developed by Litvin at the University of Illinois at Chicago. Once the tooth surface 
coordinates are determined, computer programs PATRAN and MSC/NASTRAN can be used for the 
structural analysis. 


Results 


The computer program SURFACE has been written. Inputs to the program are the manufacturing 
machine tool settings and the basic gear design variables. The output is the set of coordinates forming 
a surface grid for both sides of the gear tooth. This grid is input to the modeling program PATRAN 
permitting a one-tooth model to be produced. Within PATRAN the desired number of teeth can be 
generated and the applied load and boundary conditions defined. PATRAN then provides input to 
MSC/NASTRAN for the structural analysis for the spiral bevel gears. The major principle stresses are 
calculated by MSC/NASTRAN and displayed by PATRAN. The complete results are reported in 
NASA TP-3096 (AVSCOM TR 91-C-020), "A Method for Determining Spiral Bevel Tooth 
Geometry for Finite Element Analysis" by Handschuh and Litvin. 
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Significance 


Computer program SURFACE permits rapid, accurate model development for finite element 
analysis of spiral bevel gears. This will enable the design of lighter, more reliable gears for rotorcraft 
applications. 


Finite Element Analysis of Spiral Bevel Gears 


Milestones completed: 

• Analysis completed 

• Code written 

• NASA TP & AVSCOM TR 



Significance: 

• Improve gears for rotorcraft 


Figure 5.— Finite element analysis of spiral bevel gears. 
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COMPUTER NUMERICAL CONTROL GRINDING OF SPIRAL BEVEL GEARS 


Objective 

The objective was to develop a grinding process for spiral bevel gears that would lower 
component costs by (1) reducing the time required for machine setup and maintenance of the setup by 
50 percent and (2) improving the machine repeatability. 

Background 

The aerospace gear manufacturing community is typically faced with many problems when 
producing aircraft quality spiral bevel gears. First of all, current manufacturing machinery for spiral 
bevel gear grinding requires manual adjustment for all process variables. Long setup times are 
common when changing the machine over to manufacture a different gear. Also, due to the extremely 
tight tolerances on the manufactured^ components, machine adjustments are necessary after every few 
parts to keep the finished product within tolerance. These adjustments require the continuous 
attendance of a highly skilled operator. Another problem peculiar to the aerospace gearing community 
is the small number of components, typically 20 gears or less, that are in a given production run. In 
small runs, the setup costs have a Targe influence on the total cost of each part. 

During the manufacture of a spiral bevel gear, many items are constantly monitored. These gears 
must have: (1) a minimal amount of stock removal to ensure that hardened surfaces are not machined 
away, (2) proper tooth contact patterns as determined by roll testing against flight qualified master 
gears, and (3) a very good surface finish. Failure of any of these important criteria will scrap the part. 
This can be very expensive because a great deal of material, manufacturing time, and manpower have 
already been invested in a given component before the final grinding operation is performed. 

The U.S. Army AVSCOM determined it would be in their best interest to improve the state of the 
art in spiral bevel gear grinding through their Manufacturing Methods and Technology (MM&T) 
activity. The objective of the project was to convert a manual controlled Gleason Gear Grinder 
to a computer numerical controlled (CNC) grinder. 


A pproach 

A contract (NAS3-25030) was obtained with Bell Helicopter Text ron Inc . The Gleason Works 
was a major subcontractor with responsibility for the design, building, and acceptance testing of the 
prototype machine. Bell Helicopter then tested the prototype machine in a production environment. 

The program was completed in three phases: Phase I involved the design of the prototype CNC 
grinder based on the model 463 Gleason manual grinder. A large number of the manual setup 
variables were eliminated. Where manual settings were still required, electronic positioning systems 
were used to prevent operator errors. A CNC controller was added to monitor and control the 
manufacturing process. Phase II entailed taking a U.S. Army owned manual grinder, having it rebuilt, 
and adding the CNC machine improvements. Phase IH was for production testing of the prototype 
machine. The machine was sent to Bell Helicopter and installed in their gear production plant in Fort 
Worth, Texas. The machine was used to support their production requirements and conduct tests on a 
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wide size range of gears. Improvement of the spiral bevel gear grinding process due to the addition of 
CNC was then measured through time-study of machine setup and production. 


Results 


Two major machine improvements were made. A CNC dresser system was added to accurately 
control grinding wheel shape. Also, the drive system that controls the motion between the cradle and 
work piece was radically altered. On the manual machine this motion was controlled through a cam, 
shafts, and gears. The new design eliminated many of these. The drive system now has a minimum of 
gear sets and position is controlled via optical encoders. Also, software for CNC control of machine 
processes and spiral bevel gear manufacturing methodologies was developed. A series of nine tests 
were used to assess the improvements due to the addition of CNC. Over the nine tests the average 
savings on setup and maintenance of setup time was 65 percent. This means reducing the setup time 
that currently takes over 32 hr down to just over 1 1 hr. The average savings in grind cycle time (time 
spent grinding) was 34 percent. This savings demonstrates increased material removal rate which was 
made possible by a stiffer grinding wheel support structure. Further details are reported in NASA 
CR-187175 (AVSCOM TR 90-F-6), "Computer Numerical Control Grinding of Spiral Bevel Gears" 
by Scott. 


Significance 

CNC conversion of existing manual machines can provide many benefits to the aerospace gear 
manufacturing community. Many of the process variables are now easier to control. Resetting of the 
machine for a new job has a much lower time to production. All are benefits in reducing production 
costs for aerospace spiral bevel gears. 


COMPUTER NUMERICAL CONTROL (CNC) 
GRINDING OF SPIRAL BEVEL GEARS 

MILESTONES COMPLETED: 

• PROTOTYPE DESIGNED 

• PROTOTYPE GRINDER BUILT 

• PRODUCTION GRINDING TESTS 
COMPLETED 




CNC SPIRAL BEVEL GEAR GRINDER 


BENEFITS: 

•REDUCED SETUP TIME 

• REDUCED GRIND TIME 

• REDUCED SCRAP 
SIGNIFICANCE: REDUCED COST 


Figure 6.— Computer numerical control (CNC) grinding of spiral bevel gears. 


13 




SPIRAL BEVEL GEARS WITH CONJUGATE ACTION 


Objective 

The objective was to develop and analyze a new method for generation of spiral bevel gears that 
have lower noise. 


Background 

Noise generated T)y gears is due to a number of different mechanisms. One of the most significant 
mechanisms is kinematic error. Elimination of kinematic errors in helicopter gears should noticeably 
reduce noise and vibration. 

Kinematic errors are defined as the deviations from a constant rate of turning of the driven gear 
while the driving gear turns at a constant rate. If a set of gears transmits motion without kinematic 
errors, then they are said to have conjugate motion. It is this varying gear ratio that provides a source 
of vibration (noise) excitation to the gear system. 

Conjugate motion results if the vector normal to the gear tooth surfaces at the point of contact 
passes through the pitch point during the process of meshing. This requirement is satisfied for spur 
gears of involute tooth profile. The involute system of tooth shapes can be described by simple 
mathematical expressions. In contrast to spur gears, there is no equation for describing the surface of a 
spiral bevel gear tooth. The surface coordinates of the points on the tooth must be numerically 
determined, based on synthesis of the gear manufacturing process. 


Approach * 

A grant was funded for development of analytical models and computer programs at the 
University of Illinois at Chicago, and that work was supplemented by an in-house computer « 

visualization and experimental effort. 


Results 


The concept of conjugate motion as described for spur gears has been extended to spiral bevel 
gears. A way of visualizing how the meshing of spiral bevel gears with conjugate motion can take 
place is by examining the meshing process for spur gears. For spur gears the surface normal at the 
contact point always passes through a fixed point in space — the pitch point. For the bevel gears, which 
can be imagined as two pitch cones rolling against one another at a pitch line, the normal to the tooth 
surfaces at the contact point must pass through a fixed line in space — the pitch line. If this condition 
can be maintained during meshing, conjugate motion of spiral bevel gears will be achieved. 

The numerical analysis is contained in two computer programs. The first determines the machine 
tool settings for the conjugate spiral bevel gears. The second program determines the tooth contact 
between the meshing gear teeth for one pitch of pinion rotation. Details of the analysis are contained 
in NASA CR— 4088, "Generation of Spiral Bevel Gears with Conjugate Tooth Surfaces and Tooth 
Contact Analysis" by Litvin, Tsung, and Lee. 
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Significance 


Conjugate spiral bevel gears can be manufactured using existing equipment by application of the 
developed analytical tools to determine the proper surface generating machine tool settings. 


SPIRAL BEVEL GEARS WITH CONJUGATE ACTION 


MILESTONES COMPLETED : 

• CONJUGATE GEAR CONCEPT 

• ANALYTICAL MODEL DEVELOPED 

• COMPUTER CODES COMPLETED 

• NASA CR-4088 



NEW MACHINE SETTINGS 



^ GENERATED 
GEAR 


SIGNIFICANCE : 

• REDUCED NOISE AND VIBRATION 

• EXISTING GEAR MANUFACTURING 
MACHINES CAN BE USED 


Figure 7. — Spiral bevel gears with conjugate action. 
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LOW NOISE SPIRAL BEVEL GEARS 


Objective 

The objective was to identify a method of manufacture for spiral bevel gears using existing U.S. 
made machine tools that will produce gears with lower noise characteristics and increased life. 


Background 

The spiral^ bevel gear is used to transmit power between intersecting shafts. Spiral bevel gears as 
used in aviation applications must run at high speed and carry high loads. The most important applica- 
tion in aviation systems is in helicopter transmissions. Spiral bevel gears are manufactured on special 
gear generator machines made by the U.S. Company, Gleason. There are competing foreign-built 
machines, but Gleason machines have the advantage of high rigidity and accuracy. Furthermore, the 
Gleason machines allow the cutting wheel speed to be selected independently from the generating 
motions of the machine. This means that milling and grinding are possible. 

A disadvantage has been that Gleason-cut gears do not run as quietly as gears made on foreign- 
built gear generating machines. The foreign-built machines use a different generating motion that pro- 
duces smoother running gears. In technical terms, these gears have conjugate action, which is to say 
there is no kinematic error. 

The kinematic error in operating gears causes high vibration and noise. A typical vibration spec- 
trum taken from a helicopter transmission test at NASA Lewis Research Center is shown. The spiral 
bevel gear mesh produces the highest level of vibration when compared to the other meshing 
frequencies. As well as causing noise, high vibration levels shorten transmission life. Therefore, it 
would be beneficial to reduce the spiral bevel gear vibration, with the net result being a quieter 
operating transmission having longer life. 

Thus the objective of the program was to reduce the kinematic errors, which will give lower noise 
and longer life. 


A pproach 

The approach used to conduct this project has been to develop computer algorithms. These computer 
codes simulate gear generation, calculate pinion and gear meshing, and determine improved gear genera- 
tion machine settings. A three-dimensional graphics program is being developed for tooth contact visual 
ization. Verification of the methods developed will be done by building and testing spiral bevel gears. 


Results 


A computer code is now operational on a mainframe computer for a right-handed pinion and left- 
handed gear. This code has been applied to a spiral bevel gear set to be manufactured on Gleason 
equipment. The analytical results indicate a greatly reduced kinematic error. Efforts are currently being 
made to extend the analysis to left-handed pinion and right-handed gear sets and for development of 
three-dimensional graphics for tooth contact visualization. 
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The benefits are that existing U.S. made equipment can now be used to manufacture superior 
spiral bevel gears. These gears will have low kinematic error which gives low noise and increased life. 


LOW NOISE FOR BEVEL GEARS 


MILESTONE ACHIEVED: 

NEW PROCESS FOR MANUFACTURE 
OF QUIET RUNNING SPIRAL BEVEL GEARS 

• BEVEL GEARS ARE BIGGEST SOURCE OF 
NOISE IN CURRENT HELICOPTERS 

• NOISE SOURCE IN KINEMATIC ERRORS 

• KINEMATIC ERRORS HAVE BEEN REDUCED 
TO ZERO 

SIGNIFICANCE: 

LONGER LIFE AND LOWER NOISE 






SPIRAL BEVEL GEAR NOISE MODELING 


Objective 

The objective was to develop a noise prediction model for spiral bevel gears. 


Background 

Spiral bevel gears are used in helicopters to transmit power "around the comer" from a horizontal 
engine output shaft to the vertical rotor shaft. 

Vibration from spiral bevel gears dominates the vibration signature of a transmission. The vibra- 
tion from spiral bevel gears is caused by transmission errors, which are defined as the deviations in 
angular velocity ratio between the driving and driven gear. 

For parallel axis (spur and helical) gears the transmission error has been defined assuming that 
gear shafts remain parallel. Since shafts of bevel gears are not parallel, there was a need to generalize 
the concept of transmission errors to three dimensions in order to understand their physical causes and 
predict the effect on vibration and gear noise. The goal was to relate dynamic loading and gear noise 
to physical factors such as deviations of tooth surfaces and gear shaft centerlines from their ideal 
positions; tooth and gear body stiffness; bearing and housing support flexibility; and input shaft torque. 

Approach 

NASA Lewis contracted with BBN Laboratories, Inc., to perform an analytical study. 

The mathematical model of spiral bevel gears assumes small deviations from the spherical invo- 
lute tooth form. For such gears, tooth contact takes place within the base disk located in the base 
plane. The generalized transmission error is described in terms of the three-component (one rotation 
and two translations) deviations of real gears from their idealized spherical involute counterparts. 


Results 

The mathematical analysis was completed and is reported in NASA CR-4081, "Analysis of the 
Vibratory Excitation Arising from Spiral Bevel Gears” by Mark. Equations have been developed for 
computing the zone of tooth contact, the three components for the generalized transmission error and 
spectral content of transmission error as a function of measurable gear parameters. The expressions for 
the generalized transmission errors combined with equations for mesh force and mesh elasticity yields 
a 6 degree of freedom equation of constraint. This constraint equation is to be combined with the 
equations of motion of gear systems to generate matrix equations which may be solved to predict the 
vibration and noise of the system. 



Significance 


This work provides the first detailed mathematical understanding of generalized transmission error 
in spiral bevel gears. The spectral components of vibration excitation based on gear measurement data 
can be predicted. By relating gear noise to physical design parameters, a basis is provided for future 
improvements in spiral bevel gear design. 


SPIRAL BEVEL GEAR NOISE MODELING 


MILESTONES COMPLETED: 

■ MATHEMATICAL MODEL OF ZONE OF 
TOOTH CONTACT FOR SPIRAL BEVEL 
GEARS 

■ NEW UNDERSTANDING OF 3-DIMENSIONAL 
NATURE OF TOOTH MESHING 

■ TIME AND FREQUENCY DOMAIN ANALYSIS 
FOR NOISE EXCITATION FUNCTION 

■ NASA CR 4081 


SIGNIFICANCE: 

■ ALLOWS PREDICTION OF VIBRATION 
FROM GEAR MEASUREMENTS 

■ PROVIDES BASIS FOR FUTURE 
IMPROVEMENTS IN SPIRAL BEVEL GEAR 
DESIGN 



Figure 9.— Spiral bevel gear noise modeling. 
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GEAR NOISE RIG— FACILITY DESIGN AND INSTALLATION 


Objective 

The objective was to establish an experimental test facility to support helicopter transmission 
noise reduction research. 


Background 

In a helicopter, the geared transmission is a very efficient device for converting the high-speed, 
low-torque power output of the gas turbine engine to the low-speed, high-torque power required to 
drive the rotor blades. Unfortunately, transmission gear noise (which has been measured at over 
100 dB sound power) is the major source of noise in a helicopter cabin. This noise causes adverse 
health effects and disrupts communication. The helicopter transmission noise reduction research project 
was initiated to solve this problem. 

Gear vibration and noise have been simulated by computer codes, but there was an acute need to 
validate these codes with experimental data taken under carefully controlled conditions. There was also 
a need for an experimental facility to help identify and develop advanced concepts for helicopter trans- 
mission noise reduction. The gear noise rig was built to satisfy these needs. 

Approach 

The preliminary transmission design was analyzed in-house using existing gear dynamics com- 
puter programs. The test facility requirements were selected on the basis of the analysis. The facility 
and test transmission final design were done under contract and the hardware was fabricated and 
assembled in-house. 


Results 


The Gear Noise Reduction Research Team accomplished the design, analysis, fabrication and 
installation of the NASA Gear Noise Test Facility. The safety committee approved the facility and 
operating plan. The facility has been in use since 1989 to collect data on gearbox dynamics and 
gearbox noise. 


Test Rig Capability 

A 200-hp variable-speed motor powers the rig from one end and an eddy-current dynamometer 
applies power-absorbing torque at the other end. The test gearbox is driven at speeds up to 10 000 rpm. 
The dynamometer maximum speed is 6000 rpm. The maximum power that can be absorbed by the dyna 
mometer is 175 hp. The gearbox can test spur or helical gears of various ratios. The center distance 
between the input shaft and output shaft is adjustable from 90 to 135 mm (3.5 to 5.25 in.). Space 
exists for optional flywheels on the input and output shafts to study the effect of input and output 
mechanical impedances on gearbox dynamics. 
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The rig is instrumented to measure gearbox noise and dynamics. Measurement capabilities include: 
acoustic intensity, sound level, support structure forces, housing vibration, shaft lateral and torsional 
vibration and gear tooth strain. Sound absorbing material has been added to the test cell walls, ceiling, 
and floor to improve acoustic measurements. A robot is used to automate acoustic noise measurements. 


Significance 

The test facility makes it possible to experimentally study the parametric effects of new gear tooth 
forms and other advanced concepts to reduce the noise in helicopter transmissions. The test facility is 
providing data to validate computer models for prediction of gearbox dynamics, vibration, and noise 
for a range of design variables. The data and validated computer codes resulting from the test program 
will provide a technology base for future quiet transmission designs. 


GEAR NOISE RIG— FACILITY DESIGN & INSTALLATION 


GEAR NOISE RIG SIGNIFICANCE: 



MILESTONES COMPLETED: 

■ DESIGN & FABRICATION OF HIGHLY- 
INSTRUMENTED TEST GEARBOX 

■ TEST RIG DESIGNED & CONSTRUCTED 

■ FACILITY IS FULLY OPERATIONAL 


PARAMETRIC STUDIES OF GEAR 
DESIGN VARIABLES 
VERIFICATION OF COMPUTER MODELS 
FOR GEAR DYNAMICS AND NOISE 
TECHNOLOGY BASE FOR FUTURE 
QU|ET TRANSMISSION DESIGN 



TEST GEARBOX 


Figure 1 0. — Gear noise rig facility design and Installation. 
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GEAR DYNAMICS CODE VALIDATION 


Objective 

The objective was to validate a gear dynamics computer code through experiments on the gear 
noise rig. 


Background 

The major source of helicopter cabin noise is attributed to vibration generated by the numerous 
gear meshes within the gearbox and transmitted to the airframe. Noise levels in excess of 100 dB have 
been measured. This leads to pilot fatigue, disrupted communications, and unhealthy conditions for 
both crew and passengers. If helicopter transportation is to flourish in the civil transport markets, the 
cabin noiseTeveT must be drastically reduced. A NASA/Army helicopter transmission noise reduction 
research project was initiated to provide the basic information necessary for gear dynamic code validation 
in order to study gearbox vibration phenomena and subsequently reduce noise generation at the source. 

Gear vibration is primarily caused by the abrupt transition of the load from tooth to tooth as the 
gears mesh. Modifications to the profile of gear teeth are often used to help smooth this dynamic 
action. The effects of tooth profile modification on gear dynamics is simulated by several computer 
codes developed through NASA grants and contracts. The gear dynamics codes can predict the loads 
on a gear tooth under a static condition as well as at typical operating speeds where the interaction of 
system mass and stiffness properties produces dynamic effects. As the gears rotate, the point of contact 
between the teeth moves along the profiles of the teeth. As this happens the magnitude of the contact 
force varies as a function of the rotational speed. 

There has been an acute need to verify these codes with experimental data taken under carefully 
controlled conditions. The goal of this initial effort has been to verify predictions of the gear dynamics 
code DANST (Dynamic ANalysis of Spur gear Transmissions) for both gear tooth loads and for the 
bending stress at the gear tooth root. 


Approach 

Gear dynamics experiments were conducted in the Gear Noise Facility at NASA Lewis. An 
instrumented gearbox was tested under a range of speeds and loads in order to obtain experimental 
data to compare with the results of the DANST code. Test instrumentation included miniature strain 
gages installed in gear tooth roots, rotary accelerometers mounted on the gears, accelerometers 
mounted on the gearbox case and on the bearing mounts, and load cells mounted under the gearbox 
supports. Primary emphasis to date has been on gear tooth strain gage data which provides information 
on tooth bending stresses and on tooth-to-tooth loads. 
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Results 


Tests have been completed on a pair of standard involute spur gears with a linear profile 
modification. The test gear data is as follows: 28 teeth, 8 diametral pitch, 3.5 in. pitch diameter, 

0.25 in. face width. The 28 test conditions included speeds from 800 to 6000 rpm and torques from 
16 to 110 percent of the gear design torque. 

Strain gages were used to measure the dynamic force acting between gear teeth. The experimental 
data was compared to analysis, and in all cases the waveforms are similar. This indicates that the 
analysis does simulate the physical behavior of the test gears. Also, the analysis successfully predicts 
loss of tooth contact that occurs when the gears are run at high speeds and with a light load. 

The experimental peak value of the dynamic load was also compared with DANST predictions for 
all test conditions. The maximum dynamic load prediction generally agreed with measurement results 
within 6 percent. Strain gages were used to also measure the bending stress at the tooth root for 
comparison with DANST predictions. The analysis generally agrees with measurement results for the 
tooth root location within 10 to 15 percent. 


Significance 

The gear dynamics code DANST was validated by testing involute spur gears with linear profile 
modifications. The analytical predictions of gear tooth loads and bending stress were verified by 
experiment. The validated code will allow a gear designer to tune the profile of a new gear to 
minimize dynamic loads and stress with the potential to reduce noise and vibration without expensive 
and time-consuming hardware testing. The code will also predict the effects of load and speed on the 
dynamics of a gear system. 

GEAR DYNAMICS CODE VALIDATION 

MILESTONES COMPLETED: 


SIGNIFICANCE: 

• Experimental verification of gear 
dynamics code 

• Allows tuning gear profile for 
minimum noise and vibration 

Figure 1 1 . — Gear dynamics code validation. 


• Compared analysis and experiment 

• 28 test conditions 

• Successfully predicts dynamic loads 

• NASA TM 103232 
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IMPROVED COMPUTER PROGRAM FOR GEAR DYNAMICS 


Objective 

The objective was to develop a comprehensive computer program to accurately model gear 
dynamic performance for a variety of gear train systems. 


Background 

An important measure of rotorcraft performance is the ability of the rotorcraft to efficiently carry 
a maximum amount of payload at a given input power level. To meet this challenge, current rotorcraft 
transmissions are designed for high capacity and reduced weight. Minimizing transmission weight 
results in lightweight and flexible transmission components. Unfortunately, as a structure becomes 
lighter and more flexible it also becomes more susceptible to vibration and noise generation. Addressing 
excessive noise and vibration problems on production transmissions is typically a costly and time 
consuming process. It is, therefore, crucial to be able to predict the dynamic performance of a 
proposed transmission at the design stage. 

GEARDYNMULT is a gear dynamics computer program currently used at NASA Lewis to 
predict dynamic performance on a variety of gear train systems. Prior to being upgraded, the ring gear 
rim, carrier, and sun gear center were assumed to be rigid. Because transmission components are 
becoming lighter and more flexible, it became necessary to revise the computer program to more 
accurately model current transmission designs. This was accomplished by adding mo' ibility in 
the dynamic model. For a typical planetary system the model now has the option to include sun center, 
ring gear, and planet carrier flexibility along with sun center damping. 

A detailed treatment of the dynamics at each gear mesh is performed by the program. Each tooth 
pair in contact is represented by a spring in contact with a cam. To model the variable stiffness of 
meshing teeth the springs are assigned variable spring rates that are dependent on their relative 
position on the cam. The mass represents the rigid body inertias of the gears in mesh, and the damping 
is the total mesh damping. The profile modification used to ease the tooth loading during engagement 
and disengagement of the tooth pairs is modeled by the geometry at the front and rear face of the cam. 
Dynamic effects are found by having the cam move at a velocity equivalent to the tooth velocity along 
the line of action. 


Approach 

NASA Lewis contracted Hamilton Standard Division of United Technologies Corporation to 
upgrade the existing gear train dynamic analysis program GEARDYNMULT. 


Results 

The existing gear dynamic analysis program GEARDYNMULT was upgraded to more accurately 
model transmission systems through the use of the following new options: 
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• Floating sun center option : Most epicyclic gear systems have a sun gear that can move in the 
in-plane translational directions. This option thus allows the designer to determine the effects of 
different flexibilities and damping values at the sun center on the dynamic tooth loads. 

• Flexible carrier/ring gear rim option : Lighter and more flexible transmission components often 
result in higher dynamic loads. This option allows the user to investigate the effects on dynamic tooth 
loads of various ring gear rim and carrier flexibilities. 

• Natural frequency option : This option is useful to the designer in determining critical speeds 
based on the system masses, mesh stiffnesses, and optional ring gear rim, carrier, and sun center 
flexibilities. 

• Refined finite elements analysis : This option allows the user to obtain more accurate tooth pair 
compliance curves for helical gearing systems. 

More detailed information can be obtained in NASA CR- 179563, "Expansion of Epicyclic Gear 
Dynamic Analysis Program" by Boyd and Pike. 


Significance 

A variety of gear trains can be optimally designed with a minimum of research and test time by 
using the upgraded GEARDYNMULT program which dynamically models the gear train in detail at 
the design stage. 


IMPROVED COMPUTER PROGRAM FOR GEAR DYNAMICS 


miKi 

MILESTONES COMPLETED: 

• PROGRAM GEARDYNMULT WAS 
IMPROVED BY ADDING: 

- FLOATING SUN CENTER 

- FLEXIBLE CARRIER 

- FLEXIBLE RING GEAR RIM 

- NATURAL FREQUENCY ROUTINE 

- REFINED FINITE ELEMENT ROUTINE 

• NASA CR-179563 



• DETAILED MODELING OF ACTUAL 
SYSTEM WITH MORE ACCURATE 
RESULTS 

• REDUCES DEVELOPMENT TIME AND 
EXPENSES WHEN USED AS A DESIGN 
TOOL 



Figure 1 2.— Improved computer program for gear dynamics. 
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ANALYTICAL STUDY OF DYNAMIC LOAD EFFECT ON GEAR PITTING FATIGUE LIFE 


FOR LOW -CONT ACT -RATIO SPUR GEARS 


Objective 

The objective was to analyze the effect of dynamic load on gear pitting fatigue life and 
investigate how design and operating parameters affect gear load and life. 


Background 

Pitting fatigue is a natural wearout mode of gear failure and occurs even under ideal operating 
conditions with proper lubrication and stress levels. For each hour of operation there is a reliability 
level which can be calculated. Earlier work at NASA provided an analytical methodology for 
calculating life and reliability for gears assuming a quasistatic load on the gear teeth. It was desired, 
therefore, to improve upon this methodology by replacing the quasistatic load assumption with 
calculated dynamic loads in the life and reliability model. 

In reality, contact loads on mating gear teeth vary as the gears rotate through their mesh. This is 
known as dynamic load. Studies under NASA sponsorship have shown that gear dynamic loads deviate 
appreciably from ideal static forces for certain gear designs and operating conditions. Predicted life 
resulting from gears operating under dynamic loads, however, was unknown. Published literature on 
the subject was generally outdated and conservative. A need was perceived to investigate dynamic load 
and relate it to gear life and reliability. 


Approach 

Work was performed in-house at NASA Lewis by combining an existing gear dynamic load 
analysis computer program with the NASA gear life model. Improvements to the dynamic load 
analysis were made followed by parametric studies of gear life. 


Results 


TELSGE, a NASA gear dynamic load prediction program, was modified to include an improved 
gear tooth stiffness model, a tooth stiffness-dynamic load iteration scheme, and a pitting-fatigue-life 
prediction analysis for a gear mesh. Parametric studies were performed that modeled low-contact-ratio 
involute spur gears over a range of gear speeds, numbers of teeth, gear sizes, diametral pitches, 
pressure angles, and gear ratios. 

In general, gear life predictions based on dynamic loads differed significantly from those based on 
static loads. Gear mesh operating speed strongly affected dynamic load and life where the dynamic life 
factor, C y , is defined as the mesh life based on dynamic loads divided by the life based on static loads. 
The normalized speed is the ratio of to, the mesh operating speed, to co n , the predicted mesh resonant 
speed. In general, mesh operation at resonant speed had a detrimental effect on life while operation at 
high speed increased life cycles to failure. 
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Gear mesh contact ratio, c, defined as the average number of pairs of teeth in contact, also 
strongly affected predicted dynamic load and life. Higher contact ratio meshes had higher dynamic life 
factors and thus, an increase in their lives as compared to life predictions based on static loads. 

Computer program TELSGE can predict gear tooth dynamic loads, mesh resonant frequencies, 
and mesh lives. Based on the parametric studies, a design chart was developed for use in the absence 
of a computer and program TELSGE. The results are available in NASA TP-2610, "Predicted Effect 
of Dynamic Load on Pitting Fatigue Life for Low-Contact-Ratio Spur Gears" by Lewicki. 


Significance 

Gear mesh life can be increased through the improved analytical life prediction method. Gear 
mesh resonant speeds can be predicted and adverse affects on life can be avoided by modifying gear 
speed or design. In addition, life improvements can be achieved with the life prediction method 
through parametric studies and improved selection of gear design parameters. 


ANALYTICAL STUDY OF DYNAMIC LOAD EFFECT 
ON GEAR PITTING FATIGUE LIFE 


MILESTONES ACHIEVED: 

• DEVELOPED A COMPUTER PROGRAM 
FOR DYNAMIC LOAD EFFECT ON LIFE 

• PERFORMED PARAMETRIC TREND STUDY 

• DEVELOPED GEAR LIFE DESIGN CHART 

• NASA TP 




SIGNIFICANCE: 

• FIRST RIGOROUS ANALYSIS OF 
DYNAMIC LOAD EFFECT ON LIFE 

• RESULTS SHOW OPERATING SPEED 
AND CONTACT RATIO SIGNIFICANTLY 
AFFECT LIFE 

• USEFUL DESIGN TOOL FOR AIRCRAFT 
GEARING 


Figure 1 3.— Analytical study of dynamic load effect on gear pitting fatigue life. 
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COMPUTER PROGRAM FOR LIFE AND RELIABILITY OF HELICOPTER TRANSMISSIONS 


Objective 

The objectives were to create analytical tools for predicting helicopter transmission life and 
reliability, to examine the design and operating parameters that affect transmission life, and, thereby, to 
increase the actual life and reliability for helicopter transmissions. 

Background 

i 

— — i 

Life and reliability are important issues during the design, development, and field operation of I 

helicopter transmissions. Light weight and high power capacity must be balanced with requirements 
for long life and low maintenance costs. In the past, analytical tools for predicting transmission life 
were not available. They are needed for design and for comparing competing and alternate designs. I 

Bearing and gear lives are major factors in determining total transmissions system life. Under 
ideal conditions of proper design, lubrication, and operation, bearings and gears will still fail by the 
pitting fatigue mode of failure. Pitting fatigue is the expected failure mode because there is no material | 

endurance limit for bearings or gears. \ 

i 

Analytical models and computer programs for gear and bearing life have already been developed j 

under NASA/Army sponsorship. Previous analytical studies were successful in applying those models = 

to transmissions. The work was laborious and only several transmissions were studied, the results § 

being published in several NASA reports. A need was perceived then for a more general computerized = 

model capable of efficient analysis for a large variety of different transmission designs. A computer j 

code of this type makes it possible to evaluate the life and reliability of proposed transmission designs, : 

optimize those designs, and predict spare parts required over the useful life of the helicopter fleet. f 


Approach 

The basic NASA analytical models were refined and combined into a single analytical model, and 
the model was applied to predict the life of spiral bevel gears, planetary gears, and various 
combinations of gears and bearings. 


Results 


A computer program was developed to predict helicopter transmission life. The program can analyze 
a variety of configurations composed of spiral bevel gear meshes and planetary gear meshes. Spiral bevel 
reductions may have single or dual input pinions and gear shafts can be straddle mounted or overhung 
on the support bearings. The planetary reduction has the sun gear as input, the planet carrier as output, 
and the ring gear fixed. The planet gears may be plain or stepped and the number of planets may vary. 

The program determines the forces on each bearing and gear for a given transmission configura- 
tion and loading. The life of each bearing and gear is determined using the fatigue life model 
appropriate to that component. The transmission system life is determined from the component lives 
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then be found. Program output consists of component and total system lives and dynamic capacities. 
Further details are reported in NASA CR-3967, "System Life and Reliability Modeling for Helicopter 
Transmissions" by Savage and Brikmanis. 


Significance 

A versatile computer program has been developed for predicting helicopter transmission life and 
reliability. The program will apply to a variety of transmission configurations and operating conditions. 
The program is a valuable tool for evaluating preliminary designs and comparing competing and 
alternate designs. From the life predictions, the mean time between failures can now be calculated 
using rigorous statistical methods. 


HELICOPTER TRANSMISSION LIFE AND RELIABILITY COMPUTER PROGRAM 
SIGNIFICANCE: 

• VERSATILE COMPUTER PROGRAM FOR 
PREDICTING TRANSMISSION LIFE 
AND RELIABILITY 

• TOOL FOR EVALUATING PRELIMINARY 
AND COMPETING DESIGNS 

• PROVIDES INFORMATION THAT CAN BE 
USED TO PLAN SPARE PARTS REQUIRED 


FEATURES: 

• INPUTS: TRANSMISSION CONFIGURATION, 
LOAD, AND SPEED 

• OUTPUTS: TRANSMISSION COMPONENTS 
AND SYSTEM LIVES 


Figure 14 .— Helicopter transmission life and reliability computer program. 
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VIBRATION CHARACTERISTICS OF THE OH-58A HELICOPTER 


MAIN ROTOR TRANSMISSION 


Objective 

The objective was to establish a vibration data base for the 300 to 500 hp class helicopter 
transmissions. 


Background 

Transmissions are the main source of noise in today’s helicopter interiors with the noise 
originating from the gear mesh. The standard approach to quieting the helicopter interior is to add 
cabin acoustic material. This adds a weight penalty, which opposes the desire for ever-increasing 
power-to- weight ratios for helicopter drive systems. Therefore, research is being directed to 
transmission noise reduction. A first step was to establish a vibration data base for present-day 
technology helicopter transmissions. The results can serve as baseline data in comparison with 
measured results from future technological improvements in components and total system design, 
manufacturing techniques, or materials. 


Approach 

Experimental vibration tests were conducted in the NASA Lewis 500 HP Helicopter Transmission 
Test Stand. The tests were performed on the U.S. Army OH-5 8 A helicopter main rotor transmission. 


Results 


Seven accelerometers were mounted at various locations on the OH-58A transmission housing. 
Vibration tests were conducted using a matrix of torque and speed conditions covering transmission 
input torques of 176 to 352 N-m (1559 to 3119 Ib-in.) and transmission input speeds of 3000 to 
6000 rpm. Accelerometer signals were analyzed by digital signal processing techniques. 

The dominant sources of transmission vibration were the spiral bevel gear mesh and the planetary 
gear mesh. The highest vibration amplitude occurred at the spiral bevel gear meshing frequency, 
measuring about 5 g’s at location number 1 during full speed and torque conditions. Overall broadband 
acceleration ranged from 2 to 10 g’s rms depending on speed and torque conditions. Transmission 
speed had a significant effect on vibration levels while transmission torque had a small effect. At the 
same speed and torque conditions, measured vibration levels were different for different measurement 
locations. Measured vibration levels were the same for different measurement directions at the same 
location. There was no trend as to the effect of torque or speed on spiral bevel mesh or planetary mesh 
vibration contributions as a percentage of total vibration. The complete results for the baseline 
measurements are reported in NASA TP-2705, "Vibration Characteristics of the OH-58A Helicopter 
Main Rotor Transmission" by Lewicki and Coy. 
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This work establishes the measurement and data reduction methodology for vibration testing of 
helicopter transmissions in the 300 to 500 hp class. The results of the vibration tests serve as baseline 
data for comparison with measured results from future advanced technology transmissions. The 
vibration tests have identified the spiral bevel gear as the largest source of vibration and therefore 
future research should be directed to reducing this source of vibration. 


VIBRATION CHARACTERISTICS OF THE OH - 58A 
HELICOPTER MAIN ROTOR TRANSMISSION 

MILESTONES ACHIEVED: 

• COMPLETED TESTS & DATA ANALYSIS 

• GEAR MESHES ARE DOMINANT SOURCE 
OF NOISE 

• HIGHEST AMPLITUDE IS 5 G’S AT 
SPIRAL BEVEL MESHING FREQUENCY 

• NASA TP - 2705 


VIBRATION SPECTRUM 


SIGNIFICANCE: 

• DATA BASE FOR 500 HP CLASS 
TRANSMISSIONS 

• TESTING & DATA REDUCTION 
METHODOLOGY ESTABLISHED 

Figure 1 5.— Vibration characteristics of the OH-58A helicopter main rotor transmission. 



NASA 500 HP TEST STAND 
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PLANETARY GEAR TRAIN EFFICIENCY STUDY 


Objective 

The objective was to experimentally test a transmission planetary gear stage over a wide variety 
of operating conditions and compare measured efficiency to computer predicted values. 


Background 

Helicopter transmissions are very efficient. Depending on operating parameters such as speed, 
load, and temperature, the efficiency of the complete helicopter transmission is typically above 
97 percent. However, even a slight improvement in efficiency can have an effect on the complete 
transmission system. Changes in operating parameters, such as reduced volume of lubricant or 
increased lubricant temperature, may yield only a small improvement in efficiency, but offer multiple 
benefits in the reduced size/weight of the oil cooler, and reduced vulnerability. 

Helicopter transmission efficiency is usually determined by testing the complete transmission. 

However, in this type of testing it is difficult to distinguish the effects of individual components on i 

transmission efficiency. Isolation of individual components, such as the planetary gear train, allows 
direct control of operating conditions and permits a wide range of test parameters. 


Approach 

A parametric test program was conducted using a helicopter transmission planetary gear train 
installed in NASA Lewis’ Planetary Gear Test Rig. Analytical efficiency results obtained using NASA 
computer codes were compared to those determined experimentally. 


Results 

A parametric study was performed on a helicopter transmission planetary stage having a four- 
planet configuration and is reported in NASA TP-2795, (AVSCOM TR 87-C-28), "Efficiency Testing 
of a Helicopter Transmission Planetary Reduction Stage" by Handschuh and Rohn. Two planetary 
stages were driven in a back-to-back, test/slave arrangement. A total of 130 different conditions were 
tested. Test parameters included sun-gear speeds to 1622 rpm and input torque to 1840 N*m (16 300 
in.*lb). Two different gear lubricants were used, flow rates were varied, and oil inlet temperature was 
changed to experimentally measure the effect of these parameters. Experimentally measured efficiency 
over all the test variables ranged from 99.44 to 99.75 percent. 

Analytical performance predictions were made and compared to measured results. The analytical 
results were obtained by modeling the test hardware and operating conditions. Computer programs that 
predict power loss for external gears, internal gears, and the planetary bearings were used. Generally, 
the trends in efficiency with parametric variations were similar for the analysis and experiment, but the 
analytical results predicted higher efficiencies than were experimentally measured. The difference 
between the experimental and analytical results is believed to be due to gear pumping losses that are 
not accounted for in the analytical model. It is now suspected that the gear pumping loss, which was 
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previously believed to be negligible, is important in jet lubricated gear meshes operating at low speeds 
as the planetary gears did in this experimental study. 


Significance 

Planetary drivetrain components were experimentally tested, and results were compared to 
analytical predictions. Analytical predictions followed the trends found in the experimental data. The 
computer code is partially validated, but it must be improved by adding methods to calculate the gear 
pumping losses. 


PLANETARY GEAR TRAIN 

MILESTONES COMPLETED: 

• PARAMETRIC STUDY COMPLETED 

• ANALYTICAL AND EXPERIMENTAL 
RESULTS COMPARED 

• NASA TP-2795 

EFFICIENCY RESULTS 


OIL-INLET TERMPERATURE, 



EFFICIENCY STUDY 

PLANETARY TEST HARDWARE 



SIGNIFICANCE: 

• ANALYTICAL AND EXPERIMENTAL 
RESULTS FOLLOWED SIMILAR TRENDS 

• SENSITIVITY OF PLANETARY 
PERFORMANCE TO TEST PARAMETERS 
MEASURED 


Figure 1 6.— Planetary gear train efficiency study. 
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EXPERIMENTAL RESULTS FOR UH^60 HELICOPTER TRANSMISSION 


Objective 

The objective was to obtain vibration and mechanical efficiency data for a modem helicopter 
transmission. 


Background 

The transmission is a very important part of a helicopter propulsion system. Improvements are 
continually being sought for transmission weight, reliability, efficiency, noise, and life. Higher power- 
to-weight ratios for the transmission, for example, can result in higher payload or greater range for the 
helicopter. Higher transmission efficiency would mean more useful power available as well as less heat 
rejection required, which in turn means a smaller (and thus lighter) oil cooler can be used. Noise 
reduction is desirable for reduced pilot fatigue as well as increased passenger comfort. 

These improvements can come at either the component or system level; however, what was 
needed was a data base against which future improvements could be measured. The modem 
transmission for the UH-60 was chosen for testing. 


Approach 

The mechanical efficiency and vibration characteristics of the UH-60 transmission were 
experimentally determined by installing it in the NASA Lewis 3000-hp transmission test facility. Data 
were obtained for input speeds and loads ranging from 50 to 100 percent of the rated values. 


Results 

The efficiency and vibration tests were completed. With an oil inlet temperature of 3 55 K 
(180 °F), the overall efficiency was 97.3 percent at the full rated load and speed condition. Measured 
vibration readings were from 6 to 50 g’s rms at the 100-percent power condition. The highest vibration 
reading was 72 g’s rms, measured on the upper housing. A technical report has been published. 


Significance 

A data base has been established against which future component or system design improvements 
can be compared. 
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EXPERIMENTAL RESULTS FOR VIBRATION AND 
EFFICIENCY TESTING OF AN ADVANCED 3000 hp 
HELICOPTER TRANSMISSION 



MILESTONE ACHIEVED: 

FULL SCALE PARAMETRIC DATA ANALYSIS 
OF U.S. ARMY BUCKHAWK TRANSMISSION 
COMPLETED. 

• DATA BASE ON 3000 hp CLASS TRANS- 
MISSIONS ENHANCED 

• TECHNICAL REPORT PUBLISHED 

• MAXIMUM EFFICIENCY 97.3H WITH 
180 °F OIL TEMPERATURE 

• PEAK MEASURED VIBRATION 72 g-mts 
ON UPPER HOUSING 

SIGNIFICANCE: 

ESTABLISHES DESIGN AND PERFORMANCE 
EVALUATION ON ADVANCED COMPONENT, 
FULL SCALE HELICOPTER TRANS- 
MISSION. 




INPUT TORQUE, PERCENT OF NOMINAL RATED 


Figure 17.— Experimental results for vibration and efficiency testing of an advanced 3000 hp helicopter transmission. 
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GEAR TOOTH STRESS MEASUREMENTS ON UH-60A HELICOPTER TRANSMISSION 


Objective 

The objective was to obtain experimental stress data from gear teeth in a UH-60A helicopter 
transmission. 


Background 

Helicopter transmission designers are continually striving for improvements in transmission life, 
reliability, and power-to-weight ratio. To accomplish these goals, designers must be able to accurately 
predict stress levels in transmission components under realistic operating conditions. Prediction of gear 
stress can be a difficult problem because of complicated gear geometry and complex, time-varying 
dynamic loading. 

Realistic stress data for helicopter gear teeth were needed to establish a data base for comparison 
with existing design and computer codes that simulate gear tooth stress. 


Approach 

An instrumented UH-60A transmission was tested in the NASA Lewis 3000-hp transmission test 
facility at loads ranging from 25 to 100 percent of the rated values. Strain gages were placed on the 
sun, ring, and combining spiral bevel pinion gears at five points across the tooth face width. Two 
locations along the tooth profile were used: (1) fillet gages were placed at the 30° tangency location on 
the loaded side of the tooth fillet to measure maximum tooth bending stresses and (2) root gages were 
placed in the center of the tooth root to measure rim bending stress. 

Results 

Tests have been completed. Typical experimental stress traces for a combining spiral bevel pinion 
are shown. Traces from five gages have been superimposed to show stress variation across the face 
width. Phase differences between traces are due to the stress distribution sweeping across the curved 
tooth surface as the gear rotates. Fillet gages show high tensile stress levels due to tooth bending. Root 
gages (not shown) produce a larger compressive stress due to bending of the gear rim under the teeth. 

The highest gear tooth stress found was on the combining pinion. At 100 percent torque, mean 
and alternating stress values at this location were 330 and 430 MPa (48 and 62 ksi). 

A typical experimental stress trace of the ring gear for one tooth engagement is shown compared 
to an analytical simulation from the computer program GRDYNMLT. In the analytical simulation, gear 
teeth are represented as linear springs connecting rigid gear bodies. Damping is modeled as a constant 
damping ratio. The damping ratio used in the example shown is 0.02 (2 percent). 



There are two obvious differences between the analytical and experimental traces: (1) High 


frequency oscillations in the analytical trace do not appear in the experimental data and (2) the 
compressive stress of the experimental data does not appear in the analytical trace. The model has a 
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higher frequency response than the actual transmission because the chosen damping ratio (2 percent) is 
fairly low and structural damping is not modeled. The ring gear is modeled as a rigid body, and, 
therefore, the compressive stress due to bending of the ring gear body does not occur in the analytical 
simulation. The differences between the analytical and experimental traces identifies the need to refine 
the computer codes to include the effects of structural damping and ring gear body deformations. 

The analytical simulation is believed to model tooth bending stress reasonably well if the damping 
ratio is properly chosen. The maximum ring gear fillet stress measured was 410 MPa (59 ksi) which is 
1 1 percent lower than that obtained analytically. 

Further information on this work is given in NASA TP-2698, "Gear Tooth Stress Measurements 
on the UH-60A Helicopter Transmission" by Fred B. Oswald, 1987. 


Significance 

This work provides .experimental data, from realistic operating conditions, useful for 
understanding gear stress and validating computer simulations. A data base has been established for 
comparison with future transmission development. Also a stress measurement methodology has been 
established. Finally, a need for refined computer codes has been identified. 


GEAR TOOTH STRESS MEASUREMENTS ON UH 60A TRANSMISSION 


MILESTONES COMPLETED: 

- DATA BASE ESTABLISHED FOR SPIRAL 
BEVEL & PLANETARY GEARS 

- DEVELOPED COMPUTERIZED STRESS 
DATA REDUCTION 

- EXPERIMENTAL & ANALYTICAL RING GEAR 
PEAK STRESSES AGREE WITHIN 11% 

- NASA TP 2698 


RING GEAR TOOTH STRESS 


SPIRAL BEVEL STRESS 

GAGE LOCATION 




SIGNIFICANCE 

- DATA FOR VALIDATION OF COMPUTER CODES 

- DOCUMENTS CURRENT TECHNOLOGY FOR 
HELICOPTER GEAR STRESS 

- IDENTIFIES NEED FOR IMPROVED ANALYTICAL CODES 


Figure 1 8.— Gear tooth stress measurements on UH 60A transmission. 
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DESIGN AND MANUFACTURING OF HIGH-RATIO SELF-ALIGNING 


BEARINGLESS PLANETARY (SABP) TRANSMISSION 


Objective 

The objectives were to improve power-to-weight ratio, reliability, and efficiency and to reduce 
noise of rotorcraft transmissions. 


Background 

In the early 1970’s, the U.S. Army investigated the self-aligning bearingless planetary (SABP) 
concept. A small development version of the planetary unit was manufactured and tested to prove the 
feasibility of the concept. The concept showed promise in the development tests so several studies 
were made to assess the feasibility of the SABP as a possible helicopter transmission. These studies 
indicated there was a potential advantage in weight, efficiency, and reliability by using the SABP 
concept and recommended the design and development of a 500-hp version for a helicopter 
transmission. 

NASA designed and manufactured a 500-hp low-ratio spur gear SABP and conducted testing of 
the transmission in the NASA 500-hp transmission test stand. Additional studies have shown that the 
advantage of the SABP over conventional transmissions is greater at higher input-to-output ratios and 
that a helical gear system would provide reduction in helicopter transmission noise. 

It was therefore decided to design, manufacture, and evaluate a 450-hp high-ratio helical gear 
SABP transmission and conduct an experimental evaluation of it in the NASA 500-hp transmission 
test facility and compare the results with a conventional transmission. The OH-58 helicopter has an 
engine rpm of 35 500 with an engine reduction gearbox to reduce this speed to 6080 rpm for the main t 

rotor transmission input speed. A design objective of the high-ratio helical SABP transmission was to | 

utilize the engine speed of 35 500 rpm and have the total reduction to the 348 rpm main rotor speed in 
one transmission. The design and performance goals of the high-ratio SABP helical transmission were: I 

(1) Input speed of 35 500 rpm with a total reduction ratio of approximately 100 to 1. * 

(2) A weight improvement over the conventional transmission. 

(3) Reduce noise and vibration levels below those of conventional helicopter transmissions. 

(4) Improve the transmission reliability above that for conventional helicopter transmissions. ! 

Approach 

NASA Lewis contracted for the design and manufacture of two high-ratio 100:1, 450-hp helical 
SABP transmissions. 

i i 


i 
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Results 


The 450-hp helical SABP transmission design was completed. The design included high contact 
ratios for both the spiral bevel and the helical gears. All gear meshes were designed with an overall 
contact ratio of three or greater to improve the gear dynamics and reduce noise. The gear tooth pitting 
resistance and bending strength were optimized to give the transmission a high reliability and long life. 
The absence of planetary bearings improves the reliability and weight over the conventional 
transmission since the planetary bearings in conventional transmissions are heavy and are the shortest- 
lived part in the transmissions. 

The SABP type transmission can be designed with various profiles such as "wide and short" or 
"tall and thin" because of the balance system used to design the bearingless planetary spindles. An 
improved manufacturing technique was developed to provide accurate positioning of the gear teeth on 
the three spindle gears while they were electron beam welded to each other. This special fixture 
provided the necessary gear tooth location accuracy for the three gears relative to each other. 

Two high-ratio 450-hp SABP transmissions were manufactured, with the actual weight-to-power 
density of 0.33 Ib/hp. This density is significantly lower than those for conventional helicopter 
transmissions. A complete design report is available, NASA CR-4155, "Design, Manufacture, and Spin 
Test of High Contact Ratio Helicopter transmission Utilizing Self-Aligning Bearingless Planetary 
(SABP)" by Folenta and Lebo. 


Significance 


The high-ratio helical SABP transmission has a specific weight of 0.33 Ib/hp which is better than 
that for a conventional transmission (0.37). It also has a design life of 10 000 hr compared to 5000 hr 
maximum for conventional transmissions and promises much higher reliability because of the 
elimination of all planetary bearings. The high-ratio helical SABP shows promise of considerable 
reduction in noise level and a higher efficiency over conventional transmissions. 

HIGH RATIO SELF-ALIGNING BEARINGLESS 
PLANETARY (SABP) TRANSMISSION- 
DESIGN AND MANUFACTURE 

MILESTONES COMPLETED: 

■ DESIGN OF HIGH RATIO HELICAL 
SABP TRANSMISSION 

■ IMPROVED MANUFACTURING 
METHOD DEVELOPED 

■ TWO TRANSMISSIONS 
MANUFACTURED 

■ NASA CR 4155 


SIGNIFICANCE: 

■ REDUCED TRANSMISSION SPECIFIC 
WEIGHT 

■ IMPROVED RELIABILITY AND LIFE 

■ LOW NOISE HELICAL GEARS 

■ HIGHER EFFICIENCY 

Figure 19. Design and manufacture of high ratio self-aligning bearingless planetary (SABP) transmission. 
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3600 HP SPLIT-TORQUE HELICOPTER TRANSMISSION 


Objective 

The objective was to improve the effectiveness of helicopter transmissions by increasing the 
power-to-weight ratio and reliability. 


Background 

Improvements in power-to-weight ratio of helicopter power transmissions allow either higher 
carrying capacity (payload) or longer flight range for the vehicle. Improvements in reliability can be 
directly converted to longer mean time between unscheduled removals (MTBUR) and lower mainten- 
ance costs. These improvements can be accomplished by either (1) advancing the technology of the 
transmission components, such as with better bearing and gear materials or (2) by improving the 
drivetrain configuration, such as using a split-torque design. Fundamental to the split-torque type of 
transmission is that the power and torque from the engine is divided between two parallel paths prior 
to recombination on a single gear that drives the transmission output shaft. Studies have shown that 
elimination of a planetary reduction stage should result in a lighter transmission and that the parallel 
paths increase the reliability. 


Approach 

A design study was undertaken to examine the possible benefits of improved drivetrain 
arrangements based on a split-torque principle, compared with a conventional planetary type design. 


Results 


The split-torque design configurations were based on either three, four, or five final-drive pinions, 
for a twin input, 3600-hp transmission, with output rotor speed of 258 rpm and an overall speed 
reduction of 81:1. The four-pinion design was selected for further development based on: 

• least overall weight 

• reduced power losses 

• comparable totals of gears and bearings 

• only one nonredundant gear 

The four-pinion design was deemed the optimum configuration. The design was completed to the 
detailing level under the conditions that it be a test transmission for further experimental validation in 
the NASA Lewis 3000-hp helicopter transmission test stand. The design was also carried out under the 
requirement that it be generally compatible with the Army’s Blackhawk Helicopter (UH— 60) and that a 
growth potential to 4500 hp be allowed for. Further details are reported in NASA CR-174932, 

"3600 HP Split Torque Helicopter Transmission" by White. 
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Significance 


The engineering analysis showed that the following performance benefits can be achieved for a 
3600-hp split-torque transmission, compared to the conventional planetary: 

• Weight is reduced 15 percent. 

• Drivetrain losses are reduced 9 percent. 

• Reliability is improved by redundant paths. 

• The number of noise meshes is reduced (from engine to main shaft). 

• The transmission has potential for installation and operation in a UH-60A Blackhawk 
Helicopter. Modifications would be required to do this. 


3600 hp SPLIT TORQUE HELICOPTER 
TRANSMISSION, DESIGN STUDY 


SIGNIFICANCE: 

• WEIGHT REDUCTION 15</a 

• IMPROVED RELIABILITY USING 
REDUNDANT POWER PATHS 

• POWER LOSSES REDUCED 9% 

• NUMBER OF NOISE MESHES 
REDUCED 38% 


MILESTONES COMPLETED: 

• BLACKHAWK HELICOPTER COMPATIBILITY 
REQUIREMENTS STUDY 

• CONFIGURATION OPTIMIZATION 

• TEST TRANSMISSION DETAIL DESIGN 



DRIVE INPUT 

OTHER FEATURES: 

• GROWTH POTENTIAL 3000 hp TO 4500 hp 

• POTENTIAL REPLACEMENT FOR BLACKHAWK 
HELICOPTER TRANSMISSION 


Figure 20.— Design study of 3600 hp split torque helicopter transmission. 
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ADVANCED ROTORCRAFT TRANSMISSION PROGRAM 


Objective 

The objective was to identify key component and subsystem technologies to attain the weight, 
noise, and life goals of the advanced rotorcraft transmission program. The specific drivetrain goals are: 
(1) a 25-percent reduction in weight; (2) a 10-dB reduction in noise, and (3) a 5000-hr mean time 
between removal (MTBR). 


Background 

Historically, technology advancements in airframes, rotors, and engines have been continuously 
integrated into rotorcraft. The integration of advances in drivetrain technology, however, has been 
lagging. In general, advancements resulted only in areas where problems occurred. Thus, three major 
shortcomings exist today in rotorcraft drivetrains: excessive weight, excessive noise generation, and 
short life. The Advanced Rotorcraft Transmission (ART) Program was initiated to meet and overcome 
these shortcomings. 

The ART program is an Army-funded, joint Army/NASA program. Its intent is to develop and 
demonstrate lightweight, quiet, durable drivetrain systems for next generation rotorcraft. The four 
major contract participants in ART are: McDonnell Douglas Helicopter Company, Boeing Helicopters, 
Bell Helicopter Textron, and Sikorsky Aircraft. NASA Lewis is also providing in-house technical 
support and testing. ART addresses the general requirements of two distinct next-generation aircraft 
classes: (1) Future Air Attack Vehicle, a 10 000 to 20 000 lb aircraft capable of undertaking tactical 
support and air-to-air missions; and (2) Advanced Cargo Aircraft, a 60 000 to 80 000 lb aircraft 
capable of heavy lift field support operations. The ART program includes both tiltrotor and more 
conventional helicopter configurations. Specific objectives of ART include reduction of drivetrain 
weight by 25 percent compared to baseline state-of-the-art drive systems configured and sized for the 
next-generation aircraft, reduction of noise level at the transmission source by 10 dB relative to the 
suitably sized and configured baseline, and attainment of at least a 5000 hr MTBR. 


Approach 

The technical approach toward achieving the ART goals includes use of new ideas in gear config- 
uration, transmission concepts, and airframe/drivetrain integration. Also included is the application of 
the latest available component, material, and lubrication technologies. All four contracts have the same 
format and contents. The tasks of the contracts are: 

Task 1 : Establish a baseline aircraft and transmission 

Task 2 : Perform transmission configuration studies and choose the most promising configuration 

Task 3 : Perform mission studies to determine the effect of the advanced transmission on the 

aircraft 

Task 4 : Identify and design critical components required for the advanced transmission 

Task 5 : Develop a component test plan 

Task 6 : Fabricate the test rigs 

Task 7 : Fabricate the test specimens 

Task 8 : Test the components 
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In addition, in-house technical support is also being provided at NASA Lewis. Cooperative projects 
between NASA Lewis and the contractors have been established. McDonnell Douglas, Boeing, and 
Bell will provide hardware to test in the unique NASA Lewis facilities 

Candidate drivetrain systems have been carried to a conceptual design stage. Tradeoff studies have 
been conducted resulting in selection of the ART transmission for each contractor. The selections were 
based on comparative weight, noise, and reliability studies. Preliminary designs of each ART trans- 
mission have been completed, as have mission impact studies. Comparisons of aircraft mission 
performance and life cycle costs were undertaken for the next-generation aircraft with ART and with 
the baseline transmission. 

The success of the ART configurations in meeting the program goals depends on the successful 
incorporation of certain critical, advanced technologies into the preliminary designs. Each of the four 
contractors developed their component test plans. Key components and subsystem technologies were 
identified to attain the weight, noise, and life goals of the Advanced Rotorcraft Transmission program. 
The objective of the testing is to demonstrate the critical component technologies and subsystems 
which will be used for the advanced rotorcraft transmission. Identification of these key components 
resulted from the detailed design analysis of each chosen configuration for the ART program. 


Results 


Results obtained from completion of the first five tasks of the contracts for each of the four major 
contractors are presented on the pages that follow. 
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Will demonstrate and 
validate ability to meet 
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• 25% less weight 

• 10 dB less noise 

• 5000 hr MTBR 




• Focused corhponent tests 
J15||^Advai^ecl’rnaterials/design 
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Figure 21 . — Advanced Rotorcraft Transmission (ART) program overview. 
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BELL HELICOPTER TEXTRON INC. 


ADVANCED ROTORCRAFT TRANSMISSION (ART) PROJECT 


Bell Helicopter Textron Inc. selected for their application the Future Air Attack Vehicle (FAAV). 
They defined as their baseline a tiltrotor aircraft and chose a high contact ratio planetary stage as their 
advanced technology configuration. 

Based on the trade studies, preliminary design, and life cycle cost evaluation, the chosen 
configuration can meet the three main goals of the project while lowering the life cycle cost of a fleet 
of aircraft that is based on the chosen FAAV. A 31 percent reduction in weight has been attained 
(utilizing a hot running lubrication system), a 6 to 10 dB reduction in source noise, and MTBR well in 
excess of 5000 hr has been predicted for the ART transmission. A $333M life cycle cost savings for 
the aircraft fleet is estimated due to the ART program research. 

Bell Helicopter is concentrating their component test program in three major areas: planetary gear 
train tests, material tests, and spiral bevel gear tests. The planetary gear train will be tested for 
noise/vibration, efficiency, fatigue, and loss of lubricant. Material testing will be done in coupon and 
full-scale hardware. X-53 gear steel will be extensively studied to assess heat treatment effects on 
bending fatigue. Investment cast titanium housing and planetary carrier will be assessed in conjunction 
with other component tests. High temperature magnesium will be tested and compared to current 
magnesium transmission housings for creep and corrosion. NASA Lewis and Bell established a joint 
project to test spiral bevel gears in the NASA 500-hp Test Stand. Spiral bevel gears will be tested to 
verify reduced noise and improved strength through changes in fillet/root design and gear tooth surface 
geometry. Strain gage surveys will determine bending stress reduction and noise/vibration tests will 
assess tooth geometry changes. Pitting, bending, and scoring tests will be conducted by Bell to verify 
component durability. 


ADVANCED ROTORCRAFT TRANSMISSION PROGRAM 

(BELL HELICOPTER TEXTRON INCJ 


MILESTONES COMPLETED: 

• MISSION, BASELINE, AND TRANSMISSION 
REQUIREMENTS 

• TRADE OFF STUDIES/PRELIMINARY DESIGN 

• COST BENEFIT ANALYSIS 


TACTICAL TILT ROTOR 




• PROGRAM GOALS FOR WEIGHT, NOISE, 
AND MEAN TIME BETWEEN REMOVAL ARE 
ATTAINABLE 

• 296 lb TRANSMISSION WEIGHT REDUCTION 

• S333M LIFE CYCLE COST REDUCTION 


Figure 22.— Bell Helicopter Textron Inc. ART program preliminary design. 
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BELL HELICOPTER TEXTRON INC. ART PROGRAM 


MATERIAL TESTS 


• Hl-Temp Mag 
Creep & Corrosion 

• Invest Cast Tf 
Prop Housing & 
Planetary Carrier 

• X-53 Gear Mat 
Processing 


Tactical Tilt-Rotor Transmission 



PLANETARYTESTS 

• Nolse/Vlbratlon 

• Efficiency 

• Bending, Pitting, 

& Scoring 

• Loss of Lube 


LOW NOISE/IMPROVED STRENGTH 
SPIRAL BEVEL GEARS 

• Static/Dynamic Strain Gage Survey 

• Nolse/Vlbratlon Test 

• Pitting, Bending, & Scoring 



Figure 23.— Bell Helicopter Textron Inc. ART program component test plan. 








BOEING HELICOPTERS 


ADVANCED ROTORCRAFT TRANSMISSION (ART) PROJECT 


Boeing Helicopters selected for their application the Future Air Attack Vehicle (FAAV). They 
defined their baseline as a tiltrotor aircraft and chose a helical three-stage planetary as their advanced 
technology configuration. 

Based on the preliminary design and tradeoff studies, the ART program goals of weight, noise, 
and reliability are attainable. The 443 lb (24.6 percent) drivetrain weight reduction enables a 946 lb 
(5.5 percent) reduction in the aircraft’s takeoff gross weight. For a fleet of 400 aircraft a $1 16M cost 
savings is estimated due to the ART program research. 

The testing planned by Boeing Helicopters also contains generic material testing and specific 
design related component testing. Gears made from Vasco X— 2 high-temperature material and 
manufactured using near-net-shape forging will be tested. Lightweight accessory drive gears made 
from titanium with treated surfaces are also planned for testing. High-contact-ratio (HCR) gears which 
allow improved tooth load sharing for weight and noise reductions are to be tested. Boeing, jointly 
with NASA Lewis in the NASA Gear Noise Test Rig, will also be evaluating noise generation 
properties of eight parallel axis gear configurations. These include various HCR, noninvolute, helical, 
and double-helical gear types. Application of active force cancellation at the transmission mounts for 
noise control is being evaluated and will be tested on full-scale CH— 47D transmission hardware at 
Boeing. Boeing has a substantial effort planned for hybrid bearing testing. Hybrid bidirectional tapered 
roller bearings are a key feature of their ART gearbox design. Cylindrical and ball-thrust hybrid 
bearings are also planned for testing. The hybrid bearing technology is aimed at allowing higher 
operating temperatures and producing greater reliability. By operating at higher temperatures, oil cooler 
system size can be reduced to save weight. 

ADVANCED ROTORCRAFT TRANSMISSION PROGRAM 

(BOEING HELICOPTERS) 


MILESTONES COMPLETED: 

• DEFINED BASELINE & GROUND RULES 

• CONSIDERED 6 CONFIGURATIONS (2 each) 

-SPLIT TORQUE 

-SELF-ALIGNING BEARINGLESS PLANETARY 
- PLANETARY 

e SELECTED AN ALL HEUCAL PLANETARY 
e CONDUCTED COST ANALYSIS 


SIGNIFICANCE 

e ART PROGRAM GOALS OF WEIGHT, 
NOISE, & RELIABILITY ATTAINABLE 

e 443 lb DRIVE TRAIN WEIGHT REDUCTION 
YIELDS A 946 lb TOGW REDUCTION 

e $1 16 M AIRCRAFT COST SAVINGS DUE 
TO ART PROGRAM RESEARCH (400 A/C 
fleet) 

Figure 24.— Boeing Helicopter ART program preliminary design. 
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BOEING HELICOPTERS ART PROGRAM 


ART Tactical Tilt Rotor Transmission 
(left side) 


’ Active cancellation at 
gearbox mounts 





GEAR MATERIAL & MFG. TESTS 



• Precision near-net forging 

• Vasco-X2M/Vasco-X2M ♦ 2%NI 

• Single-tooth bending fatigue 



Figure 25.— Boeing Helicopter ART program component test plan. 


47 








Hill;: 1:1 lillili; iii 1U i 


McDonnell douglas helicopter company 

ADVANCED ROTORCRAFT TRANSMISSION (ART) PROJECT 


McDonnell Douglas Helicopter Company (MDHC) selected for their application the Future Air 
Attack Vehicle (FAAV). They defined their baseline as an upgraded AH-64 Apache helicopter and 
chose a split-torque transmission with face gears as their advanced technology configuration. 

Based on the preliminary design and tradeoff studies, the ART program goals of weight, noise, 
and reliability are attainable. The split-torque transmission configuration with face gearing offers a 
large weight reduction benefit. The transmission weight reduction and life goals influence a significant 
cost savings in transmission acquisition and operating costs. For a fleet of 600 aircraft flying 25 years 
at 420 flight hours per year, a $420M life cycle cost savings is estimated due to the ART program 
research. 

The testing planned in support of the ART program varies from generic material testing to 
specific design related component testing. MDHC plans to perform single tooth bending tests, gear 
scoring tests, impact toughness tests, and fracture toughness tests for a variety of advanced materials. 
The gear materials are for next generation gearboxes and are high-temperature, high-strength steels 
(M50NiL, CBS 600, Maraging 300, and X-53). These materials will be compared to the baseline 9310 
steel. All test specimens will be manufactured using advanced near-net-shape gear forging for 
improved strength and reduced manufacturing costs. MDHC also plans to perform basic tests on 
advanced magnesium and aluminum housing materials. Related to specific design concepts, MDHC 
plans on validation tests for face gears. Face gears were chosen by MDHC in the ART configuration 
as an alternative to spiral bevel gears. Face gears, however, have not yet been demonstrated in high- 
speed, high-load rotorcraft drivetrain applications. NASA Lewis and MDHC established a joint project 
to test face gears in the NASA Spiral Bevel Rig. 

ADVANCED ROTORCRAFT TRANSMISSION (ART) CONTRACT 

HELICOPTER COMPANY 

SPLIT-TORQUE TRANSMISSION 


SIGNIFICANCE: 

• ART GOALS OF WEIGHT, NOISE, & 
RELIABILITY ACHIEVABLE. 

• SPLIT-TORQUE DESIGN OFFERS LARGE 
WEIGHT REDUCTION BENEFITS. 

• TRANSMISSION ACQUISITION COSTS REDUCED 
BY 24%, DIRECT OPERATING COSTS REDUCED 
BY 33%. 

• AIRCRAFT FLEET LIFE CYCLE COST SAVINGS 
OF $420M. 

Figure 26.— McDonnell Douglas Helicopter ART program preliminary design. 
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MCDONNELL DOUGLAS 

MILESTONES COMPLETED: 

• BASELINE AIRCRAFT & TRANSMISSION 
DESIGN GROUND RULES DEFINED. 

• TRANSMISSION CONFIGURATION TRADE-OFF 
STUDY COMPLETED. SPLIT-TORQUE 
CONFIGURATION CHOSEN. 

• AIRCRAFT MISSION ANALYSIS COMPLETED. 


FUTURE ATTACK ROTORCRAFT 



MCDONNELL DOUGLAS ART PROGRAM 


SPUR GEAR MATERIAL | 
TESTS 


’ Single tooth bending 
* Scoring 

> Impact toughness 

> Fracture toughness 

> Materials: 

9310 
M50NIL 
CBS 600 
Maraging 300 
X-53 


ART Split-Torque Transmission 


HOUSING MATERIAL 
TESTS 

• Yield strength 

• Tensile strength 

• Ultimate strength 

| * Fracture Toughness 
► Materials: 

ZE41A mag 
WE43 mag 
C35517 atlumlnum 


FACE GEAR TESTS 


• Feasibility 

♦ Performance 




POSITIVE 
ENGAGEMENT I 
CLUTCH TEST S | 

• Feasibility 
- Stability 


Figure 27. — McDonnell Douglas Helicopter ART program component test plan. 
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SIKORSKY AIRCRAFT 


ADVANCED ROTORCRAFT TRANSMISSION (ART) PROJECT 


Sikorsky Aircraft selected for their application the Advanced Cargo Aircraft (ACA). They defined 
as their baseline an upgraded CH-53 helicopter and chose a three-stage 11:1 ratio split torque as their 
advanced technology configuration. 

The preliminary design along with the trade studies completed indicate that all ART program 
goals as they pertain to the Advanced Cargo Aircraft are attainable. The life cycle cost savings 
attributed to ART, assuming a fleet of 600 aircraft, a 240 flight hour utilization over a 35-year life 
cycle period, is estimated to be $1.7 billion. Sixty-five percent of the savings is in operating costs anu 
35 percent in acquisition costs. 

A major portion of the component validation planned by Sikorsky Aircraft will be performed 
utilizing a scaled-down version (one-half size) of the split-path transmission configuration proposed for 
the Advanced Cargo Aircraft. Included in the testing are the following: high-contact-ratio double- 
helical gears on the output stage, double-helical pinions with large gear tooth face width-to-diameter 
ratios, an elastomeric torque sharing device, topological gear tooth profiling for improved load 
distribution, high-temperature operation (300 °F), and scoring resistant X-53 gear material. 
Transmission error measurements will also be made. Each of the above items contribute to attaining 
the stated goals of the program. A separate bearing test will validate the performance of a hybrid 
angular contact/spherical roller bearing. The bearing has ceramic rolling elements, X-53 races, and 
silver plated steel cages. The tests will consist of various thrust and radial loads, speeds up to 
14 000 rpm, and loss of lubrication. In addition, extensive use of weight-saving composite materials 
are being investigated for future testing. The applications are for the gearbox housing, main rotor quill 
shaft, engine input quill shafts, and the main rotor truss. 


ADVANCED ROTORCRAFT TRANSMISSION PROGRAM 

(SIKORSKY AIRCRAFT) 

MILESTONES COMPLETED 


• TRANSMISSION REQUIREMENTS AND 
CONCEPTS IDENTIFIED 

• TRADE STUDIES/PREUM. DESIGN 

• AIRCRAFT SYSTEM ANALYSIS 



ADVANCED CARGO AIRCRAFT 


3 STAGE— 11:1 SPLIT TORQUE 



SIGNIFICANCE: 

• PROGRAM GOALS FOR WEIGHT, NOISE, 
AND MTBR ATTAINABLE 

• REDUCES TOTAL AIRCRAFT ACQUISITION 
COST BY SI. 187 M/AIRCRAFT 

• REDUCES AIRCRAFT OPERATION COST BY 
S349/FL-HR 

• REDUCES FLEET LIFE CYCLE COSTS BY 
1.7 BILLION 


Figure 28 .— Sikorsky Aircraft ART program preliminary design. 


50 


SIKORSKY AIRCRAFT ART PROGRAM 


ART Split-Path Transmission 

SPLIT-PATH CONFIGURATION TEST 
1/2 SIZE TRANSMISSION 

• HCR Double Helical Gears Output Stage 

• Double Helical Plnlons/Large F/D Ratios 

• Elastomeric Torque Sharing Device 

• Topological Tooth Profiling/Load 
Distribution 

• High-Temperature Operation (300 # F) 

• Scoring Resistance of Pyrowear 53 

• Transmission Error Measurement 



Figure 29. — Sikorsky Aircraft ART program component test plan. 



BEARING TESTS 

Angular Contact/Spherical 
Roller 

Ceramic Rolling Elements 
Pyrowear 53 Races 
Thrust and Radial Loads 
Oil Loss Lube Test 
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